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 We investigate future breeding directions for rainfed common bean in Goiás 24 
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Reductions in agricultural productivity with consequences for food security associated 39 
to climate change are expected in the absence of adaptation. For common beans, across 40 
South America, a decrease in climatic suitability has been projected, with heat and 41 
drought stresses being the key drivers for such suitability reductions. Breeding 42 
programs will play an important role in the adaptation of common beans to the changing 43 
climates. However, breeding targets may vary as climate changes during the 21st 44 
century. Here, we assess historical and future (2030) probabilities of occurrence, 45 
intensity and impact of seasonal variations of drought stress, which is the most 46 
important stress for common beans in the Goiás state. We focus on two rainfed (wet and 47 
dry) target population environments (TPEs), which encompass ca. 62 % of the bean 48 
cropped area in the state for 2016, and address potential breeding implications of future 49 
projected changes. The analysis revealed two environment groups for both TPEs (highly 50 
favorable environment and favorable environment), and four drought stress profiles 51 
within these environmental groups (drought stress free, reproductive stress, terminal 52 
stress, and joint reproductive-terminal stress) across all climate and management 53 
(cultivars and sowing dates) scenarios. Results suggest that, with respect to the 54 
historical (1980–2005) period, climate change will make drought more frequent, but 55 
less severe, across the region. For the dry TPE, the probability of occurrence of drought 56 
stress situations (reproductive and/or terminal) changes from 29.6 % (baseline) to ca. 70 57 
% (2030, RCP [Representative Concentrations Pathway] 8.5), whereas for the wet TPE, 58 
it increases from 16 % (baseline) to ca. 43 % (2030, RCP 8.5). Results are consistent 59 
across RCPs, although benefits from stringent (RCP 2.6) mitigation are evident. We 60 
conclude that drought tailoring under climate change is needed for the Embrapa dry 61 
bean breeding program. 62 
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1. Introduction 66 
Beans are crucial for food security in much of Latin America and East and Southern 67 
Africa, as they are rich in protein and essential vitamins and minerals (Beebe, 2012; 68 
Broughton et al., 2003). Common bean (Phaseolus vulgaris L.) is the most widely 69 
grown and consumed grain legume in the world and plays an especially significant role 70 
in the human diet (Khoury et al., 2014). It is cultivated in a wide range of production 71 
systems, representing different climates, soils, cultivars and levels of technology. 72 
In Brazil, currently the largest single bean producer in the world (~2.5 million tons in 73 
2013, FAOSTAT, 2015; IBGE, 2015), common bean is a staple crop and constitutes a 74 
primary source of protein in the diet of the Brazilian population (per capita consumption 75 
estimated at 17.8 kg year-1) (Embrapa Arroz e Feijão, 2015). Some 93% (2.8 million ha) 76 
of common bean Brazilian production area is under rainfed conditions (IBGE, 2015). In 77 
the Goiás State, one of the main bean-producing states in Brazil, crop production is 78 
concentrated in the same geographic area, but spread across three growing seasons, 79 
namely, wet (sowing from 1 Nov to 31 Dec), dry (sowing from 1 Jan to 28 Feb) and 80 
winter (sowing from 1 May to 30 Jun). Due to the mix of agro-environmental conditions 81 
and varietal performance in these seasons, they are also referred to as Target Population 82 
of Environments (TPEs, Heinemann et al., 2016). Rainfed bean production – the focus 83 
of this paper, occurs mainly in the wet and dry TPEs. Observed yields at farmer level in 84 
these TPEs are, on average, 1,700 (wet) and 1,500 kg ha-1 (dry); these are low compared 85 
to the winter TPE (2,700 kg ha-1) (IBGE, 2015). 86 
Changes in climate have already been reducing global agricultural production by 1–5% 87 
per decade over the last 30 years and will continue to pose challenges to agriculture in 88 
the coming decades (Challinor et al., 2014; Porter et al., 2014). Reductions in 89 
agricultural productivity with consequences for food security associated to climate 90 
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change are expected in the absence of adaptation in many parts of South America 91 
(Magrin and Marengo, 2014). Bean production systems are no exception to these 92 
impacts; modelling studies have projected a systematic decrease in the climatic 93 
suitability for common beans cultivation across most of South America (including the 94 
Goiás state), with heat and drought stresses being the key drivers for such suitability 95 
reductions (Beebe et al., 2011; Ramirez-Cabral et al., 2016). 96 
Cultivar adaptation has been shown to be the most effective adaptation measure for 97 
reducing vulnerability to climate change (Challinor et al., 2014), while also promoting 98 
sustainable development by for example helping to sustainably close yield gaps 99 
(Cassman, 1999; van Ittersum et al., 2016). Hence, targeted breeding programs that 100 
develop novel climate-adapted varieties in an anticipated manner can substantially 101 
contribute to cropping system adaptation, including improving the tolerance to both 102 
biotic and abiotic stresses (McClean et al., 2011; Challinor et al., 2016; Rippke et al., 103 
2016). Nevertheless, for breeding programs to successfully establish priorities under 104 
climate change, breeders need to identify and characterize (in frequency and intensity) 105 
which stresses are most important and how during the 21st century these stresses change 106 
across space and time. 107 
Here, we identify and characterize drought stress profiles for the rainfed common bean 108 
TPEs (wet, dry) in the Goiás state, and assess their changes under climate change 109 
scenarios by 2030 (as derived from the CMIP5 ensemble). Our ultimate aim is to 110 
identify potential future breeding directions for rainfed common beans in Goiás state 111 
during the 21st century. Our analysis is the first assessment of breeding priorities for 112 
common bean, and contributes important new evidence to a growing body of literature 113 




2. Materials and methods 116 
2.1. Current and future weather data 117 
Observed historical weather data for 26 weather stations available within the study 118 
region (Fig. 1, Supplementary Table S1) for the period 1980-2005 were gathered from a 119 
previous study (Heinemann et al., 2016). The dataset consists of daily observations from 120 
the Brazilian Meteorological Institute (INMET, http://www.inmet.gov.br) for which 121 
gaps and errors had been thoroughly checked and corrected as described in Heinemann 122 
et al. (2016) and D’Afonseca et al. (2012, 2013 a,b). For all weather stations in the 123 
dataset, except the one corresponding to Santo Antônio de Goiás (latitude: -16.47; 124 
longitude: -49.28, Fig. 1, Supplementary Table S1), solar radiation was estimated 125 
following the method of Richardson and Wright (1984). All weather stations had 126 
observed data for the entire period 1980-2005. 127 
Future climate data used here are from the CMIP5 ensemble (Taylor et al., 2012) for all 128 
four RCPs (Representative Concentrations Pathway, RCP 2.6, 4.5, 6.0 and 8.5) and for 129 
the four variables needed for simulating common beans growth with the CSM-130 
CROPGRO-DRYBEAN model (Jones et al. 2003), namely, daily precipitation, solar 131 
radiation, and maximum and minimum temperatures. We considered a near-future 132 
scenario (2020–2045, i.e. 2030s) since the common beans breeding program 133 
development process for new cultivars is around 10 years (Melo et al., 2017). We 134 
downloaded data for as many as possible GCMs (General Circulation Models), but as 135 
data for all GCMs for all RCPs and all variables were not available, we restricted our 136 
analyses to the 12 GCMs that presented data for all variables and RCPs (Supplementary 137 
Table S2). This was preferred to having a non-uniform ensemble of GCMs across 138 
RCPs, or to using fewer RCPs. Since GCM data at daily scale have inherent errors, bias 139 
correction (BC) was necessary before the future data was used into the crop model 140 
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(Ramirez-Villegas et al., 2013). We bias corrected the data using two different methods 141 
to explicitly include the uncertainty in the choice of bias correction method. We used 142 
the delta method (DEL, hereafter), which applies a correction on the means, and the 143 
change factor method (CF, hereafter), which corrects both the means and the variability 144 
of the GCM output (Hawkins et al., 2013a, b). A total of 12 [GCMs] x 4 [RCPs] x 2 145 
[BC methods] = 96 individual climate scenarios for the period 2020-2045 were used.  146 
 147 
2.2. Soil and management information 148 
We used soil data from the study of Heinemann et al. (2016), who derived soil 149 
properties by applying pedotransfer functions to existing field measurements (Benedetti 150 
et al., 2008). A total of three soil classes, namely, Oxisols, Ultisols and Inceptisols, 151 
which represent 64, 19 and 6% of the agricultural area in the Goiás State, respectively, 152 
were finally selected for all model runs. 153 
Management information needed for the crop simulations concerns the choice of 154 
cultivar, sowing dates, fertilizer use, and maximum rooting depth. We used two 155 
contrasting cultivars, Pérola and BRS Radiante (Radiante, hereafter), as they represent 156 
varieties cultivated in Central Brazil during the last ten years and both Pérola and 157 
Radiante are commonly used as check varieties in breeding trials. The cultivars contrast 158 
in growth habit (Pérola–indeterminate growth habit and Radiante–determinate growth 159 
habit), growth cycle (Radiante is an early maturity cultivar), plant architecture (Pérola –160 
semi-upright and Radiante –upright), pod filling time, and radiation use efficiency 161 
(Pérola: 1.04 and Radiante: 1.52 g MJ-1) (Teixeira et al., 2015).  162 
Our choice of sowing dates is based on the Brazilian Government risk zoning for the 163 
rainfed common beans TPEs (Heinemann et al., 2016). For the wet TPE, the simulated 164 
sowing calendar was from 1st November to 30th December and for the dry TPE from 165 
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10th January to 28th February, spaced at 10-day intervals; this allowed to simulate 166 
typical farmer behavior. Since the focus of this work is on quantifying the seasonal 167 
behavior of water stress and its impact on yields, we assumed optimum nitrogen supply. 168 
 169 
2.3. Crop model simulations 170 
To perform spatially-explicit crop simulations, we first divided the study area into 26 171 
sub-areas using the Thiessen polygons method (Heinemann et al., 2002) (Fig. 1). For 172 
each sub-area, common bean growth and development was simulated with the crop 173 
model CSM-CROPGRO-DRYBEAN (Boote et al. 1998; Hoogenboom et al. 1993), 174 
which is included in the Decision Support System for Agrotechnology Transfer 175 
(DSSAT, Jones et al., 2013). CROPGRO-DRYBEAN is a process-oriented computer 176 
model that simulates growth, development and yield of common bean (Phaseolus 177 
vulgaris L.) as a function of environmental conditions, crop management and cultivar-178 
specific parameters (Hoogenboom et al., 2012). We used the CSM-CROPGRO-179 
DRYBEAN model as it has been used broadly across Brazil (Heinemann et al., 2000, 180 
2002, 2016; Lima Filho et al., 2013a,b; Oliveira et al., 2012). The model operates at a 181 
daily time-step and provides outputs for crop growth and development and for soil and 182 
plant water, nitrogen and carbon balances (Heinemann et al., 2002). A daily soil water 183 
balance (SWB) computes all processes that directly affect the water content in the soil 184 
profile throughout the season, using a tipping bucket approach to determine water 185 
infiltration and soil water content in successive soil layers (Ritchie, 1998). Potential 186 
evapotranspiration is based on the Priestley-Taylor evapotranspiration method. CSM-187 
CROPGRO-DRYBEAN uses a simplification of the Farquhar and von Caemmerer 188 
(1982) approach in which only the RuBP-limited part is used to simulate responses of 189 
net leaf CO2 assimilation (Alagarswamy et al., 2006; Boote et al., 2010). The model 190 
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uses an asymptotic exponential light response equation to simulate net leaf 191 
photosynthesis, where quantum efficiency (QE) and net leaf photosynthesis maxima are 192 
dependent on CO2, O2, and temperature (Boote and Pickering, 1994). 193 
All simulations were conducted for cv. Pérola and Radiante using parameter values 194 
from a previous study in which the model was thoroughly calibrated and evaluated for 195 
Brazilian conditions (Heinemann et al., 2016). Heinemann et al. (2016) parameterised 196 
the CSM-CROPGRO-DRYBEAN model for both cultivars using four sets of 197 
experiments: the first set was used for model parameterization, whereas the second, 198 
third and fourth sets were used for model evaluation. The first and second sets 199 
comprised experiments at Santo Antônio de Goiás, GO, (latitude: -16.47; longitude: -200 
49.28, elevation: 715 m; location ID=24 in Supplementary Table S1). These were fully 201 
irrigated and had the lowest effects of abiotic and biotic stresses. The third set, also 202 
performed at Santo Antônio de Goiás, consisted of two trials in which drought stress 203 
was induced at 40 days after planting. The drought was classified as moderate and 204 
severe for the first and second trial, respectively. The fourth set of experiments was a 205 
data set of the multi-environment trials of the common bean breeding program from 206 
2003 to 2011 across various sites in the Goiás State. The overall model performance 207 
across the different experiments was deemed sufficient for the purposes of the present 208 
study, although there is a tendency for the model to underestimate the onset of severe 209 
drought in one experiment (Heinemann et al. 2016). 210 
Here, for both historical and future climate conditions, we ran simulations for all soil 211 
(n=3) and sowing date scenarios (n=7 and 6 for the wet and dry TPEs, respectively). 212 
Historical simulations (1980-2005) used observed weather data from each of the 26 sub-213 
regions (each containing one weather station), whereas future simulations were 214 
conducted for the 96 individual future climate projections (12 GCMs x 4 RCPs x 2 BC 215 
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methods) for the period 2020-2045 at each sub-region. Thus, for each of the 26 sub-216 
regions we conducted 3 (soils) x 13 (7 wet + 6 dry TPE sowing dates) x 12 (GCMs) x 4 217 
(RCPs) x 2 (BC methods) = 97,344 future simulations, each of 25 years. The CO2 218 
concentration set for the model in the historical (1980–2005) run was 380 ppm and for 219 
the RCPs 2.6, 4.5, 6.0 and 8.5 were 446.5, 468.02, 452.5, and 501.8 ppm, respectively; 220 
these represent the mean value for each RCP for the period 2020–2045. For each 221 
calendar year, model runs were initiated on the previous year, regardless of sowing date, 222 
to allow for the establishment of a realistic soil water profile. 223 
 224 
2.4. Environment and drought stress pattern classification 225 
We employed a two-step approach to characterize stress patterns in each TPE and 226 
climate scenario (i.e. 1 historical and 96 future projections), as follows:  227 
 First, we determined environment groups based only on the spatio-temporal 228 
variation of simulated crop yield. This was done due to the size and amount of 229 
yield variation within each TPE (see Heinemann et al. 2016). To that aim, we 230 
clustered water- and radiation-limited (i.e. attainable) yield. Clustering was 231 
performed using the entire set of simulations (i.e. all planting dates, soils and 232 
weather station sub-regions for each TPE) but individually for each climate 233 
scenario. We employed an agglomerative hierarchical clustering method with the 234 
Euclidean distance as the dissimilarity measure and the incremental sum of 235 
squares as the fusion criterion (Ward, 1963). For the historical period, the number 236 
of environment groups was defined following Charrad et al. (2014) and 237 
Heinemann et al. (2016), whereby statistical and expert criteria are considered in 238 
the classification. For the future scenarios, the same number of environmental 239 
groups as in the historical period was used. 240 
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 Once the environmental groups were determined, we identified and characterized 241 
the main drought stress profiles (DSPs) for each environment group. A DSP is 242 
defined as the simulated seasonal behavior of a drought stress index. We first 243 
calculated the five-days running average ratio of the water stress index (WSPD), 244 
calculated as the ratio of actual to potential transpiration, which acts in the model 245 
as a daily photosynthesis reduction factor. A classification of simulated drought 246 
stress patterns was obtained by clustering the phenological sequence patterns of 247 
WSPD separately for each TPE, environment group (as determined above), and 248 
climate scenario, following the same classification method as for the 249 
determination of environment groups. Following Chenu et al. (2011) and 250 
Heinemann et al. (2016), only values of WSPD during the period 20 days after 251 
sowing to physiological maturity (R7) were used, which helped avoid introducing 252 
noise into the profile classification from the large temporal variation in WSPD 253 
during crop establishment.  254 
The application of these two steps allows having a nested classification of TPE > 255 
environment group > drought stress profile, thus providing disaggregated information 256 
on the frequency, intensity, impact and geographic distribution of the target stress. A 257 
nested classification allows both providing detailed information on breeding targets, 258 
while also allowing the estimation of overall state- and TPE-level stress profile 259 
frequency (a surrogate of potential breeding impact). The diagram of the application 260 
process described above is shown in Supplementary Figure. S1. All statistical analyses 261 
were performed using the base, stats and FactoMineR packages of the R software (R 262 





3.1. Projected changes in seasonal temperature, precipitation and crop yield 266 
Projected changes in precipitation and temperature are shown in Fig. 2 and 3 for the wet 267 
and dry TPEs (respectively), for all RCPs, for the period 2020-2045, relative to 1980-268 
2005. The ensemble mean temperature increases for the wet (dry) TPE ranged from 269 
1.10 to 1.66 ºC (1.03 to 1.59 ºC) across all RCPs, with RCP 8.5 showing the largest 270 
warming. The largest temperature increases are projected to occur in the southwest 271 
region of the study area (RCP 8.5), the largest grain production region for both TPEs. 272 
By contrast, the least temperature increases are projected for the northeast state, the 273 
hottest region for both TPEs. 274 
Projected precipitation changes varied in both direction and magnitude across the study 275 
areas for both TPEs. Mean regional changes were between –1.8 (–2.0) to 3.2% (6.7%) 276 
for the wet (dry) TPE (Fig. 2 and 3). The uncertainty among models was, however, high 277 
in most of the study area (model agreement around 50 %), indicating low robustness in 278 
precipitation projections. In the wet TPE, model agreement for precipitation projections 279 
was greater for RCP 8.5 (mean 60.7 %; SD 7.4 %), whereas for the dry TPE the greatest 280 
model agreement was found for RCP 2.6 (mean 59.7 %; SD 7.9 %). There were also 281 
differences in the direction of the projected precipitation change across RCPs, with RCP 282 
2.6 and RCP 4.5 showing precipitation gains in the south of the state, and RCP 8.5 and 283 
RCP 6.0 showing gains in the northeast. These differences between RCPs indicate that 284 
future global emissions strongly condition the future precipitation conditions in the 285 
state. 286 
For both TPEs (wet and dry), climate change impacts on mean yield ranged from -300 287 
to 300 kg ha-1 (see Supplementary Fig. S2-S3). For the wet TPE, yield gains were 288 
projected to occur for the early cultivar (Radiante) mainly for RCPs 2.6 and 4.5, from 289 
the southeast to the north of the Goiás State. For the dry TPE, yield gains were 290 
projected to occur for cv. Pérola for RCPs 2.6 and 8.5, mainly in the north of Goiás and 291 
14 
 
for early cultivar for RCP 2.6 and 4.5, also mainly in the north of Goiás. A statistical 292 
summary for precipitation and mean temperature for all climate scenarios (baseline and 293 
RCPs), TPEs (wet and dry) is shown in the Supplementary Table S3. 294 
 295 
3.2. Climate change impact on environments groups 296 
As described above, environment groups were first obtained by clustering water and 297 
radiation-limited (i.e. attainable) yield. Two environments were found for both TPEs in 298 
the historical period. Based on their median yields, these environment groups were 299 
named highly favorable environment (HFE, high yields, green lines in Fig. 4) and 300 
favorable environment (FE, lower yields, grey lines in Fig. 4). For clarity, we use 301 
different notation for the two TPEs; the wet TPE environment groups are referred to as 302 
HFEw and FEw, whereas the dry TPE environment groups are HFEd and FEd. 303 
In the historical period, HFEd has a probability of occurrence between 47.3 – 69.4 % 304 
and a median yield in the range 3,059 – 3,129 kg ha-1 depending on the cultivar, with 305 
cv. Pérola showing lower probability of occurrence and lower yields than cv. Radiante 306 
(Fig. 4A, B). HFEw showed overall higher yields (3,904 – 4,025 kg ha-1, depending on 307 
cultivar), but higher probabilities of occurrence (34.3 – 53.2 %), and again cv. Pérola 308 
showed lower probability of occurrence and yield compared to cv. Radiante (Fig. 4C, 309 
D). 310 
Under climate change, model simulations indicate yield levels remain stable as 311 
compared to the historical period, except for RCP 8.5 (Fig. 4E-L). Under this RCP, 312 
median yields for cv. Pérola (cv. Radiante) increased by 2% (3%) for HFEw and 3% 313 
(4%) for FEw. These increases were 6% (8%) for HFEd and 2% (14%) for FEd. Albeit 314 
minor, these changes are consistent across cultivars and would suggest a net positive 315 
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effect on bean yield from climate change, likely as a result of CO2 stimulation, overall 316 
precipitation gains, and moderate (<1.5 ºC) increases in temperature by the 2030s. 317 
The net increase in median yield in the environment groups was associated with a 318 
change in their probabilities of occurrence. In general, there was an increase in the 319 
frequency of FE, and a decrease in the frequency of HFE, except for cv. Pérola in the 320 
wet TPE. This meant that the probabilities occurrence of both environment groups, 321 
regardless of cultivar or TPE, became closer to each other, even though the yield 322 
distributions remained distinct (Fig. 4). The homogenization in the probabilities of 323 
occurrence of the environment groups in the future scenarios is clearer when we analyze 324 
the environment group frequencies by sowing date (Fig. 5A, B). This is particularly 325 
evident for the wet TPE, for which early sowing has ca. 30 % less benefit as compared 326 
to the historical period. These variations could potentially have important breeding and 327 
management implications, since they would imply changes in the areas and periods of 328 
the year in which newly developed germplasm would perform well. A A statistical 329 
summary for simulated yield data set for all scenarios (baseline and RCPs), TPEs (wet 330 
and dry) and cultivars (Pérola and BRSRadiante) is showed by Supplementary Table 331 
S4. 332 
 333 
3.3. Shifts in drought profiles under future climates 334 
As stated above (see Sect. 2.4), the second step of our classification approach is to 335 
determine within-environment-group composition in relation to drought stress profiles 336 
(DSPs). For the wet TPE, two main stress patterns were found, named drought-free 337 
stress pattern (DSP1) and reproductive drought stress pattern (DSP2) for all scenarios 338 
and cultivars (see Fig. 6–7). Drought stress intensity in DSP2, measured as the 339 
percentage of water demand satisfied (WSPD, ratio of actual to potential 340 
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evapotranspiration) is as severe as 50 %. In the historical period, DSP1 occurs very 341 
frequently (> 80%) for both HFEw and FEw. Under future climate, however, the DSP2 342 
increased the frequency significantly for all projected scenarios, on average by 33–34 % 343 
for both cultivars. In addition, DSP2 intensity decreased for both environments and 344 
cultivars. This indicated that drought stress profiles in the environment groups of the 345 
wet TPE became almost equally likely and more similar. As a result of this, crop yield 346 
increased for DSP2 in both environment groups for the two cultivars (Supplementary 347 
Fig. S4). 348 
Results for the highly favorable environment in the dry TPE (HFEd) were consistent 349 
with those of the wet TPE. That is, two DSPs, named drought-free stress (DSP1) and 350 
reproductive drought stress (DSP2), were found for all scenarios and cultivars (Fig. 8F-J 351 
and 9F-J). The typology (i.e. drought timing) of DSPs did not change for the projected 352 
scenarios. However, as in the wet TPE, DSP2 became more similar to and almost as 353 
likely as the DSP1. The increase of DSP2 frequency was between 33–25 % across 354 
climate scenarios and cultivars, with some advantage in cv. Pérola vs. Radiante (also see 355 
yield impacts in Supplementary Fig. S5). For FEd, two DSPs exist in the historical 356 
period: severe reproductive stress (DSP2, 44 % probability of occurrence) and terminal 357 
drought stress (DSP4, 56 % probability of occurrence) (Fig. 8A). For all RCPs, DSP2 358 
increases its probability of occurrence by 3–5 %, but becomes less severe. On the 359 
contrary, DSP4 (in which stress starts at the end of pod-filling) disappears to give way 360 
to DSP3 (joint reproductive-terminal stress), which has a probability of occurrence 361 
between 47–52 %. This shift implied that, as in all other environment groups (HFEw, 362 
FEw, HFEd) both DSPs became more similar and almost equally likely. In FEd, this 363 
result was more marked for cv. Radiante, to the extent that for some RCPs (i.e. RCP 6.0 364 
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and 8.5) DSP2 and DSP3 can be considered a single DSP (named reproductive-terminal 365 
stress) (see Fig. 9). 366 
 367 
4. Discussion 368 
4.1. Climate change impacts across environment groups 369 
This study uses environmental classification based on simulated yields for historical and 370 
near future (2020 to 2045) climatic data set on two distinct rainfed common beans target 371 
population environments (wet and dry TPEs) in the Goiás State (Brazil), for 372 
determining the frequency of environment groups in the near future.  373 
Historically, the main common bean production region for both TPEs is in the south of 374 
the state (Supplementary Fig. S6–S7) mainly due to cooler temperatures (wet TPE) and 375 
a longer rainy season (dry TPE) compared to the north of Goiás. Here, we project a net 376 
yield gain under future climate, with only localized spots with yield reductions across 377 
the state. Studies that investigate common bean yield responses to climate change in 378 
Latin America are scarce, but these generally indicate negative effects from climate 379 
change. For example, Eitzinger et al. (2016) using the DSSAT model showed that 380 
yields, on average, are projected to reduce in Central America by 2020s and 2050s. 381 
Yield reductions were spatially heterogeneous, and mainly driven by temperatures. 382 
Similar findings are reported by Ramirez-Cabral et al. (2016), who used a crop 383 
suitability approach to map changes common bean suitable areas by 2050s. These 384 
results somewhat contrast with ours, but we note that these two studies did not simulate 385 
direct CO2 effects. Studies in other parts of the world have also attributed yield changes 386 
in common bean to temperature changes and their interaction with water stress, with 387 
areas with seasonal mean temperatures above 20 ºC generally showing yield losses (e.g. 388 
Thornton et al., 2009). Furthermore, while our analysis suggests a net overall positive 389 
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effect on yields partly as a result of CO2 fertilization and enhanced drought scape, 390 
further analysis will be needed to confirm if this is also the case at higher levels of 391 
global warming (e.g. by 2100). Recent studies have suggested that extreme heat and 392 
drought will cause widespread losses in yields and suitability of common beans (Beebe 393 
et al., 2011; Prasad et al., 2002; Ramirez-Cabral et al., 2016). For instance, Prasad et al. 394 
(2002) recorded, in a controlled environment trial, that CO2 enrichment did not offset 395 
the negative effects of high temperatures on common bean reproductive processes and 396 
yield. They found that even with CO2 enrichment, yield losses owing to high 397 
temperatures (>34/24 ºC, day/night) are likely to occur, particularly if high temperatures 398 
coincide with sensitive stages of reproductive development. 399 
The combined effect of CO2 changes and temperature on common beans yield is 400 
dependent on the TPEs, RCPs and cultivars displaying distinct spatial patterns 401 
(Supplementary Fig. S2 and S3). Here, we find an important role for the interactions 402 
between temperature-driven duration reductions (acting to reduce yield) and CO2 403 
response (acting to increase yield and ameliorate drought); these result in changing yield 404 
distributions and their environmental groupings. This joint effect was also observed by 405 
Costa et al. (2009) for common beans in southeast Brazil (Minas Gerais State).  406 
A total of four environment groups were found for the rainfed TPEs in the Goiás state: 407 
HFEw (highly favorable environment –wet TPE), FEw (favorable environment –wet 408 
TPE), HFEd (highly favorable environment –dry TPE), and FEd (favorable 409 
environment –dry TPE). Our results indicate that there is a trend in the near future for 410 
these environment groups to have closer probabilities of occurrence across each TPE 411 
under climate change. The effect was more marked for the wet TPE (sowing between 412 
Nov and Dec). This is a combined effect of higher temperatures that reduce the crop 413 
cycle and yield more markedly for the high yielding areas of the south-east of the study 414 
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region, the potential water savings and higher assimilation from increases in the CO2 415 
concentrations, and the general trend toward more wetting in the east of the state. It may 416 
also be possible that the general global trend toward temperature homogenization acts to 417 
homogenize yields (Green et al., 2001). 418 
 419 
4.2. Changes in drought stress patterns within environments 420 
A total of 4 drought stress profiles were found in the state of Goiás, that were common 421 
to different combinations of the two TPEs (wet, dry), four environments (HFEw, FEw, 422 
HFEd, FEd), and climate scenarios (historical, RCPs). DSP1 (drought stress free) 423 
occurred in three out of the four environments (HFEw, FEw and HFEd) for all climate 424 
scenarios; DSP2 (reproductive stress) occurred in all environment groups (HFEw, FEw, 425 
HFEd, FEd) and was most severe in FEd; a third profile, DSP4 (terminal stress), 426 
occurred only in FEd in the historical period, and changed to DSP3 (joint reproductive-427 
terminal stress) under climate change. Results indicate that, compared to the historical 428 
period, DSP1 and DSP2 became almost equally likely and more similar under climate 429 
change. This was in general a result of the amelioration of drought within these 430 
environments. These changes in drought stress frequency had in most cases a positive 431 
impact on the simulated yield (Supplementary Fig. S4 and S5), and can be attributed to 432 
drought scape due to hastened development (Costa et al., 2009) (see Supplementary Fig. 433 
S8). This is confirmed by the fact that yield gains were more pronounced in the short 434 
duration cultivar Radiante. It is also likely that the CO2 fertilization effect acts to 435 
enhance assimilation and ameliorate drought, hence producing a net positive effect on 436 
yields. Negative impact on the simulated yield only occurred in the dry TPE, for the 437 
DSP1 and especially for the favorable environment (FEd), as shown in Supplementary 438 
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Fig. S5. Lower yields for DSP1 in the FEd can be attributed to the overall 439 
intensification of drought during the grain filling stage (Fig. 8–9).  440 
Based on our findings, future genetics research should continue in the direction of the 441 
development of drought-tolerant varieties in breeding programs with traits such as early 442 
maturity (short season varieties) and deep rooting, as drought-avoidance mechanisms 443 
(Polania et al., 2016 a,b). Research on heat tolerance may also be warranted as warming 444 
continues (CGIAR, 2015; Porch 2006; Seidel et al., 2016), as is research on other 445 
aspects of crop production to which our methodology could be applied (e.g. pests and 446 
diseases). 447 
 448 
4.3. Common beans breeding program strategy 449 
Common bean in the Goiás State is cropped in three TPEs per year, here referred to as 450 
wet, dry and winter. This study focused on the rainfed TPEs: wet and dry. Breeding 451 
activities (carried out by Embrapa) for common bean have already been well 452 
documented by Heinemann et al. (2016). In short, screening is carried out in the winter 453 
TPE, under low biotic and abiotic stress pressure compared to the wet and dry TPEs, in 454 
one site (Santo Antônio de Goiás, GO, latitude: -16.47; longitude: -49.28), under well-455 
watered conditions. Only at the late stage of the screening, when genetic variability is 456 
low, genotypes are tested in multi-environment trials. In summary, the Embrapa 457 
common beans breeding program targets direct selection (potential yield) and wide 458 
adaptation for all Brazil. Under current climates, about one fourth of the simulated 459 
cropping situations for both TPEs experience either terminal or reproductive drought 460 
stress (see Heinemann et al., 2016). This is a relatively low frequency of occurrence, 461 
which may not warrant drought-tailored selection, even though yield effects from 462 
drought stress can be severe (Heinemann et al., 2016). Our analyses suggest that climate 463 
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change will make drought more frequent across the region. More specifically, for the 464 
dry TPE, the overall probability of occurrence of drought stress situations (reproductive 465 
and/or terminal) changes from 29.6 % (baseline) to ca. 70 % (2030, RCP8.5), whereas 466 
for the wet TPE, it increases from 16 % (baseline) to ca. 43 % (2030, RCP8.5). These 467 
changes suggest that drought tailoring under climate change is needed for the Embrapa 468 
breeding program. Foresight analyses will be needed to assess the potential economic 469 
benefits of investing in a drought-tailored breeding programme. 470 
Additionally, changes in climates also have a variety of management implications. In 471 
particular, we highlight the importance early sowing and of cultivars that can escape 472 
drought, as seen in the generally higher yields shown by cv. Radiante (early flowering 473 
and early maturity for most drought stress situations) in both TPEs. Radiante is thus a 474 
better option for risk reduction. This result is consistent with Borges (2007), Del Peloso 475 
et al. (2005), and Pereira et al. (2013) who reported that cv. Radiante generally 476 
outperforms other cultivars in Brazil in terms of yield stability. The shorter cycle 477 
characteristic of cv. Radiante helps overcoming drought (by drought escape), and this 478 
characteristic becomes yet more important under climate change following temperature-479 
driven reductions in growing cycle duration. 480 
Under future climates, there was less advantage in early sowing compared to the 481 
historical period. This was seen particularly for the wet TPE, in which early sowing 482 
showed greater frequencies of HFEw (Fig. 5). The advantage of early sowing in the wet 483 
TPE, is also the opportunity of double cropping in the same season (growing two crops 484 
in the same agricultural calendar – common bean + short cycle maize or cotton). For 485 
many farmers, double cropping is the possibility of increased profit and off sets the risk 486 





JRV is supported by the CGIAR Research Program on Climate Change, Agriculture and 490 
Food Security (CCAFS), which is carried out with support from CGIAR Fund Donors 491 
and through bilateral funding agreements. For details please visit 492 
https://ccafs.cgiar.org/donors. The views expressed in this document cannot be taken to 493 
reflect the official opinions of these organizations. We acknowledge the World Climate 494 
Research Program’s Working Group on Coupled Modelling, which is responsible for 495 
CMIP, and we thank the climate modelling groups for producing and making available 496 
their model output (Supplementary Table S2 shows the list of climate models used in 497 





Alagarswamy, G., Boote, K.J., Allen Jr., L.H., Jones, J.W., 2006. Evaluating the 501 
CROPGRO – Soybean model ability to simulate photosynthesis response to carbon 502 
dioxide levels. Agron. J. 98, 34–42, http://dx.doi.org/10.2134/agronj2004-0298 503 
Beebe, S., 2012. Common bean breeding in the tropics. In: Janick, J. (Ed.), Plant 504 
Breeding Reviews. John Wiley, Hoboken, NJ, pp. 357-425,  505 
http://dx.doi.org/10.1002/9781118358566.ch5 506 
Beebe, S., Ramirez, J., Jarvis, A., Rao, I.M., Mosquera, G., Bueno, J.M., Blair, M.W., 507 
2011. Genetic improvement of common beans and the challenges of climate change. In: 508 
Yadav, S.S., Redden, R.J., Hatfield, J.L., Lotze-Campen, H., Hall, A.E. (Eds.), Crop 509 
Adaptation to Climate Change. Wiley-Blackwell, Oxford, UK.   510 
http://dx.doi.org/10.1002/9780470960929.ch25 511 
Benedetti, M.M., Sparovek, G., Cooper, M., Curi, N., Carvalho Filho, A., 2008. 512 
Coverage and potential use of a soil profile database in Brazil. Rev. Bras. Cienc. Solo 513 
32, 2591-2600, http://dx.doi.org/10.1590/S0100-06832008000600036. 514 
Boote, K.J., Pickering, N.B., 1994. Modeling photosynthesis of row crop canopies. 515 
HortScience 29, 1423–1434. 516 
Boote, K.J., Allen Jr., L.H., Prasad, V.V., Jones, J.W., 2010. Testing effects of climate 517 
change in crop models. In: Hillel, D., Rosenzweig, C. (Eds.), Handbook of Climate 518 
Change and Agroecosystems: Impacts, Adaptation, and Mitigation. Imperial College 519 
Press, London, UK, pp. 109-131.  520 
Boote, K.J., Jones, J.W., Hoogenboom, G., 1998. Simulation of crop growth: 521 
CROPGRO model. In: Peart, R.M., Curry, R.B. (Eds.), Agricultural Systems Modeling 522 
and Simulation. Marcel Dekker, New York, pp. 651–692. 523 
Borges, M.H.C., 2007. Avaliação agronômica, estabilidade e adaptabilidade de 524 
genótipos de feijoeiro comum. MS Dissertation. Universidade Federal de Uberlândia, 525 
MG, Brazil.  526 
Broughton, W.J., Hernández, G., Blair, M., Beebe, S., Gepts, P., Vanderleyden, J., 527 
2003. Beans (Phaseolus spp.) – model food legumes. Plant Soil 252, 55–128,  528 
http://dx.doi.org /10.1023/A:1024146710611 529 
24 
 
Cassman, K.G., 1999. Ecological intensification of cereal production systems: yield 530 
potential, soil quality, and precision agriculture. Proc. Natl. Acad. Sci. U.S.A. 96, 5952–531 
5959, http://dx.doi.org /10.1073/pnas.96.11.5952  532 
CGIAR, 2015. Developing beans that can beat the heat. Centro Internacional de 533 
Agricultura Tropical, Colombia. 534 
Challinor, A.J., Watson, J., Lobell, D.B., Howden, S.M., Smith, D.R., Chhetri, N., 2014. 535 
A meta-analysis of crop yield under climate change and adaptation. Nat. Clim. Change, 536 
4, 287-291,  http://dx.doi.org /10.1038/nclimate2153 537 
Challinor, A.J., Koehler, A.-K., Ramirez-Villegas, J., Whitfield, S., Das, B., 2016. 538 
Current warming will reduce yields unless maize breeding and seed systems adapt 539 
immediately. Nat. Clim. Change 6, 954–958, http://dx.doi.org/10.1038/nclimate3061 540 
Charrad, M., Ghazzali, N., Boiteaau, V., Niknafs, A., 2014. NbClust: an R package for 541 
determining the relevant number of clusters in a data set. J. Stat.  Software 61, 1-36, 542 
http://dx.doi.org/10.18637/jss.v061.i06 543 
Chenu, K., Cooper, M., Hammer, G.L., Mathews, K.L., Dreccer, M.F., Chapman, S.C., 544 
2011. Environment characterization as an aid to wheat improvement: interpreting 545 
genotype–environment interactions by modelling water-deficit patterns in North-546 
Eastern. Aust. J. Exp. Bot. 62, 1743-1755, http://dx.doi.org/10.1093/jxb/erq459 547 
Costa, L.C., Justino, F., Oliveira, L.J.C., Sediyama, G.C., Ferreira, W.P.M., Lemos, 548 
C.F., 2009. Potential forcing of CO2, technology and climate changes in maize (Zea 549 
mays) and bean (Phaseolus vulgaris) yield in southeast Brazil. Environ. Res. Lett. 4,  550 
http://dx.doi.org /10.1088/1748-9326/4/1/014013. 551 
D’Afonseca D.S., Heinemann A.B., Silva S.C., Moraes A.C., 2012, Preenchimento 552 
dedados climáticos diários faltantes para os municípios do Estado de Rondônia na base 553 
de dados de clima da Embrapa Arroz e Feijão, Santo Antônio de Goiás, Brazil, Embrapa 554 
Arroz e Feijão. 555 
D’Afonseca D.S., Heinemann A.B., Silva S.C., Moraes A.C., 2013a, Preenchimento 556 
dedados climáticos diários faltantes para os municípios do Estado de Mato Grosso na 557 
base de dados de clima da Embrapa Arroz e Feijão, Santo Antônio de Goiás, Brazil: 558 
Embrapa Arroz e Feijão. 559 
25 
 
D’Afonseca DS, Heinemann AB, Silva SC, Moraes AC. 2013b. Metodologia para o 560 
preenchimento de dados climáticos diários faltantes: uma aplicação para os municípios 561 
de Goiás a partir da base de dados de clima da Embrapa Arroz e Feijão. Santo Antônio 562 
de Goiás, Brazil: Embrapa Arroz e Feijão. 563 
Del Peloso, M.J., Melo, L.C., Faria, L.C., Costa, J.G.C., Rava, C.A., Lemes, G.C., 564 
Cabrera Diaz, J.L., Abreu, A.F.B., Zimmermann, F.J.P., 2005. Estabilidade e 565 
adaptabilidade de genótipos de feijoeiro comum na região Centro-Sul do Brasil. 566 
Embrapa Arroz e Feijão, Santo Antônio de Goiás. 567 
Eitzinger, A., Läderach, P., Rodriguez, B., Fischer, M., Beebe, S., Sonder, K., Schmidt, 568 
A., 2016. Assessing high-impact spots of climate change: spatial yield simulations with 569 
Decision Support System for Agrotechnology Transfer (DSSAT) model. Mitig. Adapt. 570 
Strateg. Glob. Change, http://dx.doi.org /10.1007/s11027-015-9696-2 571 
Embrapa Arroz e Feijão, 2015. Dados de conjuntura da produção de feijão (Phaseolus 572 
vulgaris L.) no Brasil (1985-2013). URI: 573 
http://www.cnpaf.embrapa.br/socioeconomia/index.htm (accessed 12.05.15).  574 
FAOSTAT. Food and Agriculture Organization of the United Nations. FAOSTAT 575 
(Database). URI:  http://data.fao.org/ref/262b79ca-279c-4517-93de-576 
ee3b7c7cb553.html?version=1.0 (accessed 06.07.15).  577 
Farquhar, G.D., von Caemmerer, S., 1982. Modelling of photosynthetic response to 578 
environment. In: Lange, O.L. (Ed.), Encyclopedia of plant physiology. Springer-Verlag, 579 
Berlin, pp. 549–587. New series. Vol. 12B. Physiological plant ecology II. 580 
Green, J.L., Harte, J., Ostling, A., 2001. Global warning, temperature homogenization 581 
and species extinction. In: Lockwood, J., McKinney, M. (Eds.), Biotic homogenization, 582 
Kluwer Academic/Plenum Publishers, New York.  583 
Hawkins, E., Osborne, T.M., Ho, C.K., Challinor, A.J., 2013a. Calibration and bias 584 
correction of climate projections for crop modelling: an idealised case study over 585 
Europe. Agric. For. Meteorol. 170, 19–31,  586 
http://dx.doi.org/10.1016/j.agrformet.2012.04.007 587 
Hawkins, E., Fricker, T.E., Challinor, A.J., Ferro, C.A.T., Ho, C.K., Osborne, T.M.,  588 
2013b. Increasing influence of heat stress on French maize yields from the 1960s to the 589 
2030s. Global Change Biol. 19, 937–947, http://dx.doi.org/10.1111/gcb.12069     590 
26 
 
Heinemann, A.B., Hoogenboom, G., Faria, R.T., 2002. Determination of spatial water 591 
requirements at county and regional levels using crop models and GIS: an example for 592 
the State of Parana, Brazil. Agric. Water Manage. 52, 177-196.  593 
http://dx.doi.org/10.1016/S0378-3774(01)00137-8.  594 
Heinemann, A.B., Hoogenboom, G., Georgiev, G.A., Faria, R.T., Frizzone, J.A., 2000. 595 
Center pivot irrigation management optimization of dry beans in humid areas. Trans. 596 
ASAE 43, 1507-1516. 597 
Heinemann, A.B., Ramirez-Villegas, J., Souza, T.L.P.O., Didonet, A.D., Di Stefano, 598 
J.G., Boote, K.J., Jarvis, A., 2016. Drought impact on rainfed common bean production 599 
areas in Brazil. Agric. For. Meteorol. 225, 57–74,  600 
http://dx.doi.org/10.1016/j.agrformet.2016.05.010 601 
Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H., Boote, K.J., Hunt, L.A., 602 
Singh, U., Lizaso, J.L., White, J.W., Uryasev, O., Royce, F.S., Ogoshi, R., Gijsman, 603 
A.J., Tsuji, G.Y., Koo, J., 2012. Decision Support System for Agrotechnology Transfer 604 
(DSSAT) Version 4.5 [CD-ROM]. University of Hawaii, Honolulu, HI. 605 
Hoogenboom, G., White, J.W., Jones, J.W., Boote, K.J., 1993. BEANGRO: a process-606 
oriented dry bean model with a versatile user interface. Agron. J. 86, 182–190, 607 
http://dx.doi.org/10.2134/agronj1994.00021962008600010032x 608 
IBGE. Instituto Brasileiro de Geografia e Estatística, 2015. Produção agrícola 609 
municipal: área plantada, área colhida, quantidade produzida e valor da produção da 610 
lavoura temporária. URI: 611 
http://www.sidra.ibge.gov.br/bda/acervo/acervo9.asp?e=c&p=PA&z= t&o=11 612 
(accessed 20.06.15). 613 
Jones, J.W., Hoogenboom G, Porter CH, Boote KJ, Batchelor WD, Hunt LA, Wilkens 614 
PW, Singh U, Gijsman AJ, Ritchie JT. 2003. The DSSAT cropping system model. Eur. 615 
J. Agron. 18, 235–265, http://dx.doi.org/10.1016/S1161-0301(02)00107-7. 616 
Khoury, C.K., Bjorkman, A.D., Dempewolf, H., Ramirez-Villegas, J., Guarino, L., 617 
Jarvis, A., Rieseberg, L.H., Struik, P.C., 2014. Increasing homogeneity in global food 618 
supplies and the implications for food security. Proc. Natl. Acad. Sci. U.S.A. 111, 619 
4001–4006, http://dx.doi.org/10.1073/pnas.1313490111  620 
27 
 
Lima Filho, A.F., Coelho Filho, M.A., Heinemann, A.B., 2013a. Calibration and 621 
evaluation of CROPGRO model for cowpea in Recôncavo of Bahia - Brazil. Rev. Bras. 622 
Eng. Agric. Ambiental 17, 1286–1293, http://dx.doi.org/10.1590/S1415-623 
43662013001200006. 624 
Lima Filho, A.F., Coelho Filho, M.A., Heinemann, A.B., 2013b. Determining the 625 
optimum sowing dates for cowpea based on CROPGRO model in Recôncavo of Bahia – 626 
Brazil. Rev. Bras. Eng. Agric. Ambiental, 17, 1294–1300, 627 
http://dx.doi.org/10.1590/S1415-43662013001200007.  628 
Magrin, G., Marengo, J.A., 2014. Central and South America. In: Barros, V.R., Field, 629 
C.B., Dokken, D.J., Mastrandrea, M.D., Mach, K.J., Bilir, T.E., Chatterjee, M., Ebi, 630 
K.L., Estrada, Y.O., Genova, R.C., Girma, B., Kissel, E.S., Levy, A.N., MacCracken, 631 
S., Mastrandrea, P.R., White, L.L. (Eds.), Climate change 2014: Impacts, adaptation and 632 
vulnerability. Part B: Regional Aspects. Contribution of Working Group II to the fifth 633 
assessment report of the Intergovernmental Panel on Climate Change. Cambridge 634 
University Press, Cambridge, pp. 1499-1566.  635 
McClean, P.E., Burridge, J., Beebe, S., Rao, I.M., Porch, T.G., 2011. Crop improvement 636 
in the era of climate change: an integrated, multi-disciplinary approach for common 637 
bean (Phaseolus vulgaris). Funct. Plant Biol. 38, 927–933. 638 
http://dx.doi.org/10.1071/FP11102 639 
Melo, L. C., Pereira, H. S., Faria, L. C. de, Souza, T. L. P. O. de, Wendland A., Díaz, J. 640 
L. C., Carvalho, H. W. L. de, Melo, C. L. P. de, Costa, A. F. da, Magaldi M. C. de, 641 
Souza, Costa, J. G. do C. da. 2017. BRS FC402: high-yielding common bean cultivar 642 
with carioca grain, resistance to anthracnose and fusarium wilt. Crop Breeding and 643 
Applied Biotechnology. 17: 67-71, 2017 644 
http://dx.doi.org/10.1590/1984-70332017v17n1c11 645 
Oliveira, E.C., Costa, J.M.N., Paula Junior, T.J., Ferreira, W.P.M., Justino, F.B., Neves, 646 
L.O., 2012. The performance of the CROPGRO model for bean (Phaseolus vulgaris L.) 647 
yield simulation. Acta Sci. Agron. 34, 239-246, 648 
http://dx.doi.org/10.4025/actasciagron.v34i3.13424 649 
Pires, G.F., Abrahão, G.M., Brumatti, L.M., Oliveira, L.J.C., Costa, M.H., Liddicoat, S., 650 
Kato, E., Ladle, R.J., 2016. Increased climate risk in Brazilian double cropping 651 
28 
 
agriculture systems: implications for land use in Northern Brazil. Agric. For. Meteorol. 652 
228–229, 286–298, http://dx.doi.org/10.1016/j.agrformet.2016.07.005 653 
Pereira, H.S., Costa, A.F., Melo, L.C., Del Peloso, M.J., Faria, L.C., Wendland, A., 654 
2013. Interação entre genótipos de feijoeiro e ambientes no Estado de Pernambuco: 655 
estabilidade, estratificação ambiental e decomposição da interação. Semina Cienc. 656 
Agrar. 34, 2603-2614, http://dx.doi.org/10.5433/1679-0359.2013v34n6p2603 657 
Polania, J., Rao, I.M., Cajiao, C., Rivera, M., Raatz, B., Beebe, S., 2016a. Physiological 658 
traits associated with drought resistance in Andean and Mesoamerican genotypes of 659 
common bean (Phaseolus vulgaris L.). Euphytica 210, 17–29, 660 
http://dx.doi.org/10.1007/s10681-016-1691-5 661 
Polania, J.A., Poschenrieder, C., Beebe, S., Rao, I.M., 2016b. Effective use of water and 662 
increased dry matter partitioned to grain contribute to yield of common bean improved 663 
for drought resistance. Front. Plant Sci. 7, 1-10, https://doi.org/10.3389/fpls.2016.00660 664 
Porch, T.G., 2006. Application of stress indices for heat tolerance screening of common 665 
bean. J. Agron. Crop Sci. 192, 390–394, http://dx.doi.org/10.1111/j.1439-666 
037X.2006.00229.x 667 
Porter, J.R., Xie, L., Challinor, A.J., Cochrane, K., Howden, S.M., Iqbal, M.M., Lobell, 668 
D.B., Travasso, M.I., 2014. Food security and food production systems. In: Field, C.B., 669 
Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M., 670 
Ebi, K.L., Estrada, Y.O., Genova, R.C., Girma, B., Kissel, E.S., Levy, A.N., 671 
MacCracken, S., Mastrandrea, P.R., White, L.L. (Eds.), Climate change 2014: Impacts, 672 
adaptation, and vulnerability. Part A: Global and Sectoral Aspects. Contribution of 673 
Working Group II to the fifth assessment report of the Intergovernmental Panel of 674 
Climate Change. Cambridge University Press, Cambridge, pp. 485-533. 675 
https://doi.org/10.1017/CBO9781107415379 676 
Prasad, P.V.V., Boote, K.J., Allen Jr., L.H., Thomas, J.M.G., 2002. Effects of elevated 677 
temperature and carbon dioxide on seed-set and yield of kidney bean (Phaseolus 678 
vulgaris L.). Global Change Biol. 8, 710-721, http://dx.doi.org 10.1046/j.1365-679 
2486.2002.00508.x 680 
R Core Team (2016) R: A language and environment for statistical computing. 681 
29 
 
Ramirez-Cabral, N.Y.Z., Kumara, L., Taylor, S., 2016. Crop niche modeling projects 682 
major shifts in common bean growing areas. Agric. For. Meteorol. 218–219, 102–113. 683 
http://dx.doi.org/10.1016/j.agrformet.2015.12.002 684 
Ramirez-Villegas, J., Challinor, A.J., Thornton, P.K., Jarvis, A., 2013. Implications of 685 
regional improvement in global climate models for agricultural impact research. 686 
Environ. Res. Lett. 8, 24018. 687 
Richardson, C.W., Wright, D.A., 1984. WGEN: A model for generating daily weather 688 
variables. US Department of Agriculture, Washington, DC. 689 
Rippke, U., Ramirez-Villegas, J., Jarvis, A., Vermeulen, S.J., Parker, L., Mer, F., 690 
Diekkrüger, B., Challinor, A.J., Howden, M., 2016. Timescales of transformational 691 
climate change adaptation in sub-Saharan African agriculture. Nat. Clim. Change 6, 692 
605–609, http://dx.doi.org/10.1038/nclimate2947 693 
Ritchie, J.T., 1998. Soil water balance and plant stress. In: Tsuji, G.Y., Hoogenboom, 694 
G., Thornton, P.K. (Eds.), Understanding Options for Agricultural Production. Kluwer, 695 
Dordrecht, The Netherlands, pp. 41–54. 696 
Seidel, S.J., Rachmilevitch, S., Schütze, N., Lazarovitch, N., 2016. Modelling the 697 
impact of drought and heat stress on common bean with two different photosynthesis 698 
model approaches. Environ. Modell. Software 81, 111–121, 699 
http://dx.doi.org/10.1016/j.envsoft.2016.04.001 700 
Taylor, K.E., Stouffer, R.J., Meehl, G.A., 2012. An overview of CMIP5 and the 701 
experiment design. Bull. Am. Meteorol. Soc. 93, 485–498, 702 
http://dx.doi.org/10.1175/BAMS-D-11-00094.1 703 
Teixeira, G.C.S., Stone, L.F., Heinemann, A.B., 2015. Eficiência do uso da radiação 704 
solar e índices morfofisiológicos em cultivares de feijoeiro. Pesqui. Agropecu. Trop. 45, 705 
9-17, http://dx.doi.org/10.1590/1983-40632015v4528297 706 
Thornton, P.K., Jones, P.G., Alagarswamy, G., Andresen, J., 2009. Spatial variation of 707 
crop yield response to climate change in East Africa. Global Environ. Change 19, 54-708 
65, http://dx.doi.org/10.1016/j.gloenvcha.2008.08.005 709 
van Ittersum, M.K., van Bussel, L.G.J., Wolf, J., Grassini, P., van Wart, J., Guilpart, N., 710 
Claessens, L., de Groot, H., Wiebe, K., Mason-D’Croz, D., Yang, H., Boogaard, H., van 711 
Oort, P.A.J., van Loon, M.P., Saito, K., Adimo, O., Adjei-Nsiah, S., Agali, A., Bala, A., 712 
30 
 
Chikowo, R., Kaizzi, K., Kouressy, M., Makoi, J.H.J.R., Ouattara, K., Tesfaye, K., 713 
Cassman, K.G., 2016. Can sub-Saharan Africa feed itself? Proc. Natl. Acad. Sci. 113, 714 
14964–14969. doi:10.1073/pnas.1610359113 715 
Ward, J.H., 1963. Hierarchical grouping to optimise an objective function. J. Am. Stat. 716 






Fig. 1. Geographic common beans target population of environments (TPE) in the Goiás 721 
State. The distribution of weather station locations (full triangles) and their respective 722 
sub-regions (polygons). Colors shading indicates soil classes (Oxisol; Ultisol and 723 
Inceptisol). Numbers represent weather station identifiers described in Supplementary 724 







Fig. 2. Projected changes seasonal mean in temperature (left) and seasonal total 730 
precipitation (right) across the common beans wet target population environment (TPE) 731 
for the period 2020-2045, relative to 1980-2005. Bold numbers in the precipitation plots 732 




Fig. 3. Projected changes seasonal mean in temperature (left) and seasonal total 735 
precipitation (right) across the common beans dry target population environment (TPE) 736 
for the period 2020-2045, relative to 1980-2005. Bold numbers in the precipitation plots 737 




Fig. 4. Current and future WET and DRY target population environments (TPE) and 740 
their associated cumulative probability density function (CDF) and frequencies of 741 
occurrence for environment groups (HFE – highly favorable environment (green) and 742 
FE – favorable environment (grey)) for cultivars Pérola and BRS Radiante in the 743 
historical period (top row – baseline 1980 - 2005) and 2045 for RCP 2.6 (middle row) 744 
and RCP 8.5 (bottom row). Numbers on the panels indicate the frequency of occurrence 745 
for the environments groups, highly favorable environment (HFE, green color) and 746 
favorable environment (FE, gray color). Vertical dashed lines indicate the position of 747 
the historical median relative to the future climate CDFs for each environment group 748 






Fig. 5. Frequency of occurrence for highly favorable environment (HFE – green bars) 753 
and favorable environment (FE – grey bars) across planting dates for Goiás common 754 
bean wet (a) and dry (b) target population of environments (TPEs) in the historical 755 





Fig. 6. Current and future common beans drought stress patterns (DSP) for environment 759 
groups (FE - favorable environment – A, B, C, D and E and HFE - highly favorable 760 
environment – F, G, H, I and J) for the wet TPE in the historical period (top raw - 761 
Baseline) and in 2050 for RCPs 2.6, 4.5, 6.0 and 8.5 for cultivar Pérola. Numbers on the 762 
bottom-left of the panels indicate the probability of occurrence of each drought stress 763 
profile (DSP). Notation as follows: DSP1 – drought stress free; DSP2 – reproductive 764 




Fig. 7. Current and future common beans drought stress patterns (DSP) for environment 767 
groups (FE - favorable environment – A, B, C, D and E and HFE - highly favorable 768 
environment – F, G, H, I and J) for WET TPE in the historical period (top raw - 769 
Baseline) and in 2050 for RCPs 2.6, 4.5, 6.0 and 8.5 for cultivar BRSRADIANTE. 770 
Numbers on the bottom-left of the panels indicate the probability of occurrence of each 771 
drought stress profile (DSP). Notation as follows: DSP1 – drought stress free; DSP2 – 772 





Fig. 8. Current and future common beans drought stress patterns (DSP) for environment 776 
groups (FE - favorable environment – A, B, C, D and E and HFE - highly favorable 777 
environment – F, G, H, I and J) for the dry TPE in the historical period (top row - 778 
Baseline) and in 2050 for RCPs 2.6, 4.5, 6.0 and 8.5 for cultivar Pérola. Numbers on the 779 
bottom-left of the panels indicate the probability of occurrence of each drought stress 780 
profile (DSP). Notation as follows: DSP1 – drought stress free; DSP2 and DSP3 – 781 




Fig. 9. Current and future common beans drought stress patterns (DSP) for environment 784 
groups (FE - favorable environment – A, B, C, D and E and HFE - highly favorable 785 
environment – F, G, H, I and J) for the dry TPE in the historical period (top row - 786 
baseline) and in 2050 for RCPs 2.6, 4.5, 6.0 and 8.5 for cultivar Radiante. Numbers on 787 
the bottom-left of the panels indicate the probability of occurrence of each drought 788 
stress profile (DSP). Notation as follows: DSP1 – drought stress free; DSP2 and DSP3 – 789 
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Table S1. Weather station identification, latitude, longitude, altitude (m), number of 
years with daily weather data available and soil type distribution among weather 
stations defined in Fig. 1. Taken from Heinemann et al. (2016) 








1 -16.30 -48.91 1017 32 U;I;O 
2 -15.90 -52.23 310 32 U;I;O 
3 -14.90 -51.00 250 32 O;I 
4 -18.07 -50.18 619 32 O 
5 -16.97 -51.82 692 32 O;I;U 
6 -17.71 -48.61 686 32 I;O 
7 -18.12 -47.07 835 32 I;O 
8 -17.12 -47.27 1189 32 I;O 
9 -15.43 -50.37 360 32 I;O 
10 -15.53 -47.33 916 32 U;I;O 
11 -16.59 -49.27 749 32 I;O 
12 -15.94 -50.14 496 32 I;O 
13 -17.72 -48.17 764 32 I;O 
14 -18.41 -49.30 448 32 I;O 
15 -17.88 -51.72 696 32 O 
16 -16.26 -47.97 930 32 U;I;O 
17 -13.25 -46.89 557 32 I;O 
18 -17.70 -49.11 771 32 I;O 
19 -17.51 -50.49 721 32 I;O 
20 -15.85 -48.97 770 32 U;I;O 
21 -13.43 -49.13 396 32 I;O 
22 -14.10 -46.37 811 32 U;O 
23 -18.6 -50.4 541 32 O 
24 -17.80 -50.92 715 32 O 
25 -16.47 -49.28 823 32 I;O 
26 -17.09 -49.67 609 32 I;O 
*O – Oxisol; U – Ultisol and I – Inceptisol 
**Number of years with daily wheater data set for precipitation, maximum and minimum temperature and 
solar radiation from 1980 to 2013 avaliable for simulation. Wet TPE begins at 1980 and end at 2012 and 






Table S2 List of climate and Earth system models used in this study. All GCMs listed presented 
data for the four RCPs: RCP2.6, RCP4.5, RCP6.0 and RCP8.5 












Queensland Climate Change Centre of Excellence and 
Commonwealth Scientific and Industrial Research 
Organization 
Australia 
GFDL-CM3 NOAA Geophysical Fluid Dynamics Laboratory USA 
GFDL-ESM2g NOAA Geophysical Fluid Dynamics Laboratory USA 
GFDL-ESM2m NOAA Geophysical Fluid Dynamics Laboratory USA 
IPSL-CM5a-MR Institut Pierre Simon Laplace France 
MIROC-ESM 
University of Tokyo, National Institute for 
Environmental Studies and Japan Agency for Marine-
Earth Science and Technology 
Japan 
MIROC-ESM-CHEM 
University of Tokyo, National Institute for 
Environmental Studies and Japan Agency for Marine-
Earth Science and Technology 
Japan 
MIROC-MIROC5 
University of Tokyo, National Institute for 
Environmental Studies and Japan Agency for Marine-
Earth Science and Technology 
 
UKMO-HadGEM2-ES UK Met Office Hadley Centre UK 





Table S3 Summary of climate data set for baseline and future scenarios, for the wet and 
dry TPEs. 
 Wet TPE*  
 Precipitation Accumulated (mm) Average Temperature (ºC) 
 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 
Min 830 845 835 827 835 22.2 23.5 23.5 23.3 23.7 
1st Qu. 1041 1051 1043 1043 1056 23.4 24.8 24.7 24.6 24.9 
Median 1061 1085 1080 1076 1090 24.0 25.4 25.3 25.2 25.5 
Mean 1077 1089 1081 1083 1089 24.2 25.6 25.6 25.4 25.7 
3rd Qu. 1128 1148 1136 1139 1132 24.9 26.3 26.2 26.1 26.5 
Max. 1309 1323 1304 1315 1336 26.3 27.7 27.6 27.4 27.9 
 **Dry TPE  
 Precipitation Accumulated (mm) Average Temperature (ºC) 
 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 
Min 586 607 589 575 589 21.2 22.3 22.5 22.3 22.5 
1st Qu. 728 760 750 737 752 22.6 23.8 23.8 23.7 23.9 
Median 761 786 777 775 786 23.0 24.3 24.3 24.2 24.5 
Mean 764 789 777 770 782 23.3 24.6 24.6 24.5 24.7 
3rd Qu. 807 824 813 807 814 24.1 25.3 25.3 25.1 25.5 
Max. 885 916 892 893 895 25.5 26.7 26.7 26.6 27.0 






Table S4 Summary of simulated yield for baseline and future scenarios, for the wet and 
dry TPEs, and cultivars Pérola and Radiante. Data shown are averages across sowing 
dates. 
 *Wet TPE  
 Cultivar Pérola Cultivar BRSRadiante 
 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 
 Simulated Yield (kg ha-1) 
Min 0 0 0 0 0 0 0 0 0 0 
1st Qu. 2277 2209 2182 2278 2258 2611 2444 2443 2520 2498 
Median 3431 3449 3498 3537 3608 3668 3634 3688 3724 3780 
Mean 3082 3106 3143 3173 3228 3346 3303 3348 3375 3418 
3rd Qu. 4053 4132 4217 4209 4331 4274 4358 4453 4434 4559 
Max. 5604 5967 6037 6050 6239 5429 6005 6025 6003 6209 
 **Dry TPE  
 Cultivar Pérola Cultivar BRSRadiante 
 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 Baseline RCP2.6 RCP4.5 RCP6.0 RCP8.5 
 Simulated Yield (kg ha-1) 
Min 0 0 0 0 0 0 0 0 0 0 
1st Qu. 568 489 524 513 503 1361 1206 1278 1264 1262 
Median 1796 1747 1869 1803 1880 2658 2635 2740 2705 2809 
Mean 1909 1929 2004 1967 2049 2466 2475 2550 2526 2607 
3rd Qu. 3215 3295 3405 3354 3513 3635 3729 3813 3781 3931 
Max. 4823 5426 5559 5501 5781 4921 5448 5530 5343 5677 













Fig. S2. Median projected change in mean yield by 2030s (A, B, C ,D, E, F, G and H) 
for wet target population environment (TPE) and RCPs 2.5 (A and E), 4.5 (B and F), 6.0 
(C and G) and 8.5 (D and H), expressed as difference (in kg ha-1) with respect to the 












Fig. S3. Median projected change in mean yield by 2030s (A, B, C, D, E, F, G and H) 
for dry target population environment (TPE) and RCPs 2.5 (A and E), 4.5 (B and F), 6.0 
(C and G) and 8.5 (D and H), expressed as difference (in kg ha-1) with respect to the 












Fig. S4. Boxplot for current and future common beans simulated yield at wet TPE for 
cultivars Pérola and Radiante. Drought Stress Profile (DSP) being 1 – drought stress 
free and 2 –reproductive drought. Yield boxes extend to the 25th and 75th sample 
percentiles of simulated yield, the thick horizontal line is drawn at the median, and 







Fig. S5. Current and future common beans drought stress patterns (DSP) for 
environment groups (FE - favorable environment – A, B, C, D and E and HFE - highly 
favorable environment – F, G, H, I and J) for dry TPE in the historical period (top raw - 
Baseline) and in 2050 for RCPs 2.6, 4.5, 6.0 and 8.5 for cultivar BRSRADIANTE. 
Numbers on the bottom-left of the panels indicate the probability of occurrence of each 
drought profile stress (DSP), being 1 – drought stress free; 2 and 3 – reproductive 








Fig. S6. Mean historical (baseline) yield (A and B) and historical standard deviation 
variability (B and D) in kg ha-1 for wet target population environment (TPE) for 





Fig. S7. Mean historical (baseline) yield (A and B) and historical standard deviation 
variability (B and D) in kg ha-1 for dry target population environment (TPE) for 





Fig. S8. Average projected crop cycle reduction (days) by 2030s for RCPs 2.6, 4.5, 6.0 
and 8.5, target population environments (TPEs) wet and dry for highly favorable 
environments (HFE) and favorable environments (FE). Bar represents the cultivars 
Pérola (red) and Radiante (green).  
 
 
 
